Abstract Colossal magnetoresistance La 5/8 Sr 3/8 MnO 3 (LSMO) thin films were directly grown on MgO(100), Si(100) wafer and glass substrates by pulsed laser deposition technique. The films were characterized using X-ray diffraction (XRD), field emission-scanning electron microscope and atomic force microscopy (AFM). The electrical and magnetic properties of the films are studied. From the XRD patterns, the films are found to be polycrystalline single-phases. The surface appears porous and cauliflower-like morphology for all LSMO films. From AFM images, the LSMO films deposited on glass substrate were presented smooth morphologies of the top surfaces as comparing with the films were deposited on Si(100) and MgO(100). The highest magnetoresistance (MR) value obtained was -17.21 % for LSMO/MgO film followed by -15.65 % for LSMO/Si and -14.60 % for LSMO/Cg films at 80 K in a 1T magnetic field. Phase transition temperature (T P ) is 224 K for LSMO/MgO, 200 K for LSMO/Si and above room temperature for films deposited on glass substrates. The films exhibit ferromagnetic transition at a temperature (T C ) around 363 K for LSMO/MgO, 307 K for LSMO/Si and 352 K for LSMO/Cg thin film. T C such as 363 and 352 K are the high T C that has ever been reported for LSMO films deposited on MgO substrate with high lattice mismatch parameter and glass substrates with amorphous nature.
Introduction
The discovery of colossal magnetoresistance (CMR) with general formula RE 1-x M x MnO 3 (RE = rare earth; M = divalent) has stimulated much interest not only for phenomena such as CMR but also in their potential applications for various devices such as field-sensor, magnetic read heads and memories [1] [2] [3] [4] [5] [6] . Lanthanum strontium manganite of La 1-x Sr x MnO 3 (LSMO) with perovskite structure is representative manganites which show CMR effect. By varying the concentration of x, the compound La 1-x Sr x MnO 3 shows various electronic, magnetic and structural phase transitions at different temperatures [7, 8] . These phase transitions have been attributed to strong coupling among spin, charge, orbital degree of freedom and lattice vibrations. The perovskite parent compound LaMnO 3 is an antiferromagnetic Mott insulator, whereas the hole doped La 1-x Sr x MnO 3 (LSMO) compound with composition 0.16 \ x \ 0.5 is ferromagnetic with a metal-insulator (MI) transition at T C , exhibiting CMR. Many techniques including pulsed laser deposition (PLD) [9] , sputtering [10] , metal-organic decomposition [11] , molecular beam epitaxy [12] , spray pyrolysis etc. have been employed to prepare LSMO thin films. Although there were many publications on LSMO films grown on single crystal oxide substrates, like SrTiO 3 [13] , LaAlO 3 [14] , NdGaO 3 [15] , MgO [16] , piezoelectric substrate [17] , still using of amorphous substrates such as glass are very limited [18] . Moreover for the sake of controlling the application cost, the use of cheap substrates such as amorphous glass, ceramics and silicon wafer [19] should be considered while synthesizing the LSMO films. However, the characteristics of LSMO films are generally affected by the preparation conditions such as the deposition methods, working pressure [10] , annealing effect [20] , substrate temperature [21] and the type of substrates [11, 22] . In this work, we have investigated the substrate effect on the crystal structures, surface morphology, resistivity and magneto-transport of polycrystalline La 5/8 Sr 3/8 MnO 3 films. The LSMO were successfully grown directly on MgO(100), Si(100) and glass substrates by PLD from a LSMO stoichiometric ceramic target in oxygen atmosphere.
Materials and methods
The La 5/8 Sr 3/8 MnO 3 films were grown directly on MgO(100), Si(100) and corning glass (Cg) substrates under a O 2 pressure of 12mTorr by the PLD technique (Nd: YAG laser, k = 500 nm). Before deposition the substrates were ultrasonically cleaned with acetone and ethanol and then subsequently dried in flowing nitrogen. The thickness of the films (\400 nm) was measured using the Profilometer. The crystal structure of the films was characterized by X-ray diffraction (XRD, Philips) and data were refined by the Rietveld refinement technique with the X 0 Pert HighScore Plus program. The electrical transport properties as a function of temperature were measured by a four-point method in the range of 100-300 K. A four point probe system was also used to measure the change in the resistance under an external applied magnetic field up to 1 Tesla with the measured temperature ranging from 80 to 300 K using Hall measurement system (model Lake Shore 7604). The AC susceptibility measurements were performed using a CryoBINDT model. In addition, FE-SEM (Nova Nano-SEM 30 series) was used to investigate the surface morphology of the LSMO films. AFM (model CSC17 noncontact mode) was used to scan an area of 20 lm 9 20 lm of films to investigate the surface morphology.
3 Results and discussion Figure 1 shows the XRD patterns at room temperature for La 5/ 8 Sr 3/8 MnO 3 thin films deposited on MgO(100), glass and Si(100) substrates. The XRD data were refined by the Rietveld method using the X Pert HighScore Plus program. The selected refined data were listed in Table 1 . The films showed the same structure as bulk, which is the single phase rhombohedral with a space group of R3C. It is noted that the sharp diffraction peak at 54.68°for LSMO/Si comes from the Si(100) substrate. The crystallite size (D) was 24.43 nm for LSMO/MgO, 28.14 nm for LSMO/Cg and 33.22 nm for LSMO/Si film. In addition, the lattice strain (e), was -0.118 for LSMO/Si, -0.072 for LSMO/MgO and -0.1139 for LSMO/Cg. When the thin film deposition on the substrate Moreover, corning glass (Cg) is amorphous. Therefore, compressive strain exists inevitably in the LSMO/Cg films due to the lattice mismatch between the substrate and the LSMO. As shown in Table 1 the Mn-O bond length is decreased for LSMO/Cg thin films as compared to the films were deposited on MgO and Si(100). Hence, the Mn-O-Mn band angle for LSMO/Cg thin films is increased.
The surface morphologies of the films are investigated by field emission-scanning electron microscopy (FE-SEM). Figure 2 shows the FE-SEM micrographs of LSMO films prepared at different substrates. The surface appears porous and cauliflower-like morphology for all LSMO films. The In fact, the growth of the film is layer-by-layer and the lattice misfit between film and substrate lead to island growth [23] .
The surface topography and average thickness and roughness of the film were determined by atomic force microscopy (AFM). The 3D and 2D AFM micrographs of LSMO thin film are presented in Fig. 3 . The average thickness of LSMO films is 237.6 nm for LSMO/Cg, 316.2 nm for LSMO/Si and 379.2 nm for LSMO/MgO. The roughness of the film can be quantitatively identified by the root-mean-squared roughness (R rms ). R rms is given by the standard deviation of the data from AFM images, and determined using the standard definition as follows:
where z n represents the height of the nth data, z is equal to the mean height of z n in AFM topography, and N is the number of the data. The root-mean-squared roughness of LSMO/cg thin film are 67.43 nm for LSMO/Cg, 100.4 nm for LSMO/Si and 126.4 nm for LSMO/MgO thin films obtained by AFM. The thin film deposited on a glass substrate showed smooth and homogeneous surface as compared to the other thin films deposited on Si(100) and MgO(100). The roughness of LSMO film is increased by droplets as can be seen from Fig. 4 . However, it is easy to conclude (see Eq. 1) that by increasing the number of droplets with higher z the value of R rms is increased too.
The distance between two islands is 0.7 lm shown by two dash lines and two arrows in Fig. 4 . In addition, the AFM images indicate the island-like growth of the film thus confirming the presence of a compressive lattice strain of film as observed from XRD results.
The %MR values versus applied magnetic field H at 1 T, from 80 to 300 K for samples, are shown in Fig. 5 . The magnetoresistance ratio MR, is defined as MR = 100 9 (R H -R 0 )/R 0 , where R H and R 0 reflect the resistance measured with and without a magnetic field, respectively. The films show negative MR values when subjected to vertical applied magnetic field. The results showed that the resistivity decreases with an increase in the magnetic field. Magnetoresistance (MR) is observed in a wide temperature range below the ferromagnetic transitions. The presence of low temperature MR, may be due to spin-dependent scattering of polarized electrons at the grain boundaries. The highest MR value obtained was -17.21 % for LSMO/MgO, -15.65 % for LSMO/Si and -14.60 % for LSMO/Cg thin film at 80 K in a 1 T magnetic field. The film deposited on MgO displays higher MR due to enhanced spin polarization tunneling induced by grain boundary effect [24] . Figure 6 shows the temperature dependence of the real part of AC susceptibility for LSMO and thin films in AC field amplitude of 1 Oe and frequency of 240 Hz. All samples show the paramagnetic to ferromagnetic transition. The Curie temperature, Tc is found from the peak in the dv 0 /dT via temperature curve. The T C is 363 K for LSMO/ MgO, 307 K for LSMO/Si and 352 K for LSMO/Cg thin films. The T C of LSMO/MgO thin film, 363 K, is the higher value than that reported in literature for LSMO film deposited on MgO substrates [16, [25] [26] [27] [28] [29] . The difference between T C and T P is calculated, DT = T C -T P . The larger DT for LSMO/MgO film may be attributed to the local inhomogeneities in magnetic and electronic transport behaviors, disorder and inhomogeneous occupations on A-site by rare earth ions or the oxygen nonstoichiometry, smaller grain size and various grain boundaries in the sample [30] . Figure 7 shows the normalized temperature dependence of the samples in zero magnetic field in the temperature range of 100-300 K. Phase transition temperature (T P ) is 224 K for LSMO/MgO and 200 K for LSMO/Si film. The lower T C and T P for LSMO/Si may be due to interface disorders and oxygen deficiency that is caused by low oxygen-pressure during the deposition. It was found that the T C (as a function of oxygen content) for LSMO/Si thin film is strongly dependent on the working pressure during sputtering [31] . For LSMO film deposited on a glass substrate with T P [ 300 K is the highest MI transition temperature (T MI ), as reported in literature for amorphous substrates [32] . The conduction mechanism of LSMO thin films was reported elsewhere in details [32, 33] . The resistance of thin film deposited on MgO is much higher as compared to film deposited on Si(100) and glass. The SEM studies show the grain size of LSMO/MgO film is smaller with more grain boundaries as compared to the film deposited on silicon and glass. However, the resistance of grain boundaries is more than the resistance inside the grains because of the disordered nature of the grain boundaries. Therefore, high resistivity for LSMO/MgO is suggested to originate from the grain boundary effect.
Conclusion
Polycrystalline La 5/8 Sr 3/8 MnO 3 films were successfully deposited on MgO(100), Si(100) and glass substrates without any additional buffer layer by PLD. The structural characteristics, magneto-transport properties and morphology of LSMO thin films have been studied. The XRD analysis showed that films are single phase rhombohedral. All films showed island growth and cauliflower-like morphology with an average grain size of 33.22 nm LSMO/Si, 24.43 nm for LSMO/MgO and 237.6 nm for LSMO/Cg. AFM images showed that LSMO films deposited on glass substrate were presented smooth morphologies of the top surfaces as compared with the films were deposited on Si(100) and MgO(100). The highest MR value obtained was -17.21 % for LSMO/MgO film followed by -15.65 % for LSMO/Si and -14.60 % for LSMO/Cg thin films at 80 K in a 1 T magnetic field. The MI transition temperature (T P ) is 224 K for LSMO/MgO and 200 K for LSMO/Si film while for films deposited on glass substrates the transition temperature was above room temperature. The films exhibit ferromagnetic transition at a temperature (T C ) around 363 K for LSMO/MgO, 307 K for LSMO/Si and 352 K for LSMO/Cg films. The T C reported for LSMO/MgO and LSMO/Cg are high in all LSMO films and bulks. The high T C such as 363 K makes these films very useful for room temperature magnetic devices.
